Fungal sphingolipids contain ceramide with a very-long-chain fatty acid (C26). To investigate the physiological significance of the C26-substitution on this lipid, we performed a screen for mutants that are synthetically lethal with ELO3. Elo3p is a component of the ER-associated fatty acid elongase and is required for the final elongation cycle to produce C26 from C22/C24 fatty acids. elo3⌬ mutant cells thus contain C22/C24-instead of the natural C26-substituted ceramide. We now report that under these conditions, an otherwise nonessential, but also fungal-specific, structural modification of the major sterol of yeast, ergosterol, becomes essential, because mutations in ELO3 are synthetically lethal with mutations in ERG6. Erg6p catalyzes the methylation of carbon atom 24 in the aliphatic side chain of sterol. The lethality of an elo3⌬ erg6⌬ double mutant is rescued by supplementation with ergosterol but not with cholesterol, indicating a vital structural requirement for the ergosterol-specific methyl group. To characterize this structural requirement in more detail, we generated a strain that is temperature sensitive for the function of Erg6p in an elo3⌬ mutant background. Examination of raft association of the GPI-anchored Gas1p and plasma membrane ATPase, Pma1p, in the conditional elo3⌬ erg6 ts double mutant, revealed a specific defect of the mutant to maintain raft association of preexisting Pma1p. Interestingly, in an elo3⌬ mutant at 37°C, newly synthesized Pma1p failed to enter raft domains early in the biosynthetic pathway, and upon arrival at the plasma membrane was rerouted to the vacuole for degradation. These observations indicate that the C26 fatty acid substitution on lipids is important for establishing raft association of Pma1p and stabilizing the protein at the cell surface. Analysis of raft lipids in the conditional mutant strain revealed a selective enrichment of ergosterol in detergent-resistant membrane domains, indicating that specific structural determinants on both sterols and sphingolipids are required for their association into raft domains.
INTRODUCTION
Sphingolipids are ceramide-containing lipids that are highly enriched in the outer leaflet of the plasma membrane, where they exert both structural and signaling functions (for review see Dickson, 1998; . In fungi, these lipids are composed of an inositolphosphate-containing hydrophilic head group bound to phytoceramide. The mammalian ceramide typically contains saturated acyl chains ranging from 16 to 24 carbon atoms in length (Gu et al., 1997) . The fungal ceramide, on the other hand, contains a saturated C26 very-long-chain fatty acid. Synthesis of this C26 acyl chain occurs by chain elongation of saturated longchain fatty acids (C16/C18), a reaction that requires an ER-associated acyl chain elongation complex. Elo2p and Elo3p are two components of this complex (Oh et al., 1997) . They are presumed to catalyze the condensing reaction of the elongation cycle and exhibit slightly different substrate specificities. Although Elo2p elongates C16/C18 fatty acids to C22/C24, Elo3p is specifically required for the final elongation step from C22/C24 to C26. Cells with mutations in ELO3 are viable but synthesize ceramide/sphingolipids with C22/C24 instead of the natural C26 fatty acid. Synthesis of the C24/C26 fatty acid is essential as an elo2⌬ elo3⌬ double mutant is not viable (Oh et al., 1997) . The physiological significance of this particular fatty acid requirement of the fungal ceramide is unknown, but it is interesting to note that maturation of glycerophosphatidylinositol (GPI)-anchored proteins in yeast involves acyl chain remodeling reactions that serve to introduce a C26 fatty acid into glycolipid protein anchors, suggesting that the presence of C26 is of functional importance (Sipos et al., 1997) .
Synthesis of ceramide in mammals and yeast is confined to the ER membrane; subsequent maturation of ceramide to the more complex sphingolipids occurs upon transport to the Golgi apparatus (Levine et al., 2000; Funato and Riezman, 2001 ). The mature sphingolipids are then transported to the plasma membrane, where they are highly enriched, and constitute ϳ30% of all the phosphate-containing lipids (Patton and Lester, 1991; Hechtberger et al., 1994) . In addition to sphingolipids, the plasma membrane contains high levels of sterols (Lange et al., 1989; . These high levels of sterols and sphingolipids are generally believed to be important for reducing the permeability of the outer most membrane, thus protecting the cell against hostile environmental conditions. Sterols have a high affinity for lipids containing saturated acyl chains, particularly ceramide (Sankaram and Thompson, 1990; Schroeder et al., 1994) . By restricting acyl chain mobility on ceramide, sterols induce the formation of dispersed liquid ordered phase domains, which are resistant to solubilization by detergents (for review see Brown and London, 2000; Rietveld and Simons, 1998) . These sphingolipid/ cholesterol-rich membrane domains have been proposed to serve as platforms/rafts for the lateral sorting of certain proteins, particularly for those containing a GPI anchor (Brown and Rose, 1992; Simons and Ikonen, 1997; Muniz and Riezman, 2000) . Sterols and ceramides are both synthesized in the ER membrane, allowing for a possible early lipid-dependent segregation of proteins along the secretory pathway to the plasma membrane (Brown and Rose, 1992; Bagnat et al., 2000) .
Sterols are the product of a complex biosynthetic pathway with more than 20 distinct reactions. The sterol-specific part of this pathway starts by the condensation of farnesyl pyrophosphate to form squalene and, in fungi, ends with the synthesis of ergosterol. The early reactions of this 11-step conversion are essential. They involve cyclization of squalene to lanosterol and subsequent removal of three methyl groups. The enzymes that catalyze the last five steps of the pathway are nonessential. They serve to modify the basic sterol backbone by introduction of a methyl group at position 24 of the side chain (ERG6), isomerization of the double bond from position 8 to position 7 (ERG2), introduction of a second double bond in the B ring (ERG3), introduction of a double bond at position 22 of the side chain (ERG5), and reduction of the methylene bond originally present at position 24 (ERG4; see Figure 1A ; for review see Lees et al., 1999; Parks et al., 1999) .
Just as sphingolipids differ in structure between fungi and mammals, the sterols differ too. Ergosterol is distinct from the mammalian cholesterol by three structural modifications, two in the side chain and one in the B ring. The structure of the plant sterols is intermediate between that of the fungal ergosterol and the mammalian cholesterol. The functional significance of these structural differences, however, is not yet understood (see Figure 1B ).
We were interested in investigating the physiological role of the C26 substitution on the fungal ceramide. Using a screen for mutants that are synthetically lethal with elo3⌬, genetic conditions under which the final elongation step from C22/C24 to C26 becomes essential were generated. One of the mutants isolated in this screen is defective in the sterol C-24 methyltransferase, ERG6 (Gaber et al., 1989) . We show here that the interaction between ELO3 and ERG6 is highly specific and affects raft structures at the plasma membrane, indicating that fungal-specific lipid modifications in sterols and sphingolipids are codependent and of functional significance. 
MATERIALS AND METHODS

Strains and Growth Conditions
Yeast strains used in this study are listed in Table 1 . Strains bearing single deletions of nonessential ERG genes were obtained from EUROSCARF (see www.rz.uni-frankfurt.de/FB/fb16/mikro/euroscarf/index.html; Winzeler et al., 1999) . Strains were cultivated at 24, 30, or 37°C in YPD rich media (1% Bacto yeast extract, 2% Bacto peptone [Difco Laboratories Inc., Detroit, MI], 2% glucose) or minimal media. To counterselect for the presence of URA3 containing plasmids, 5-fluoroorotic acid (5-FOA; bts BioTech Trade and Service Gmbh, St. Leon-Rot, Germany) was added to solid media at 1 g/l. Media supplemented with sterols contained 5 mg/ml Tween 80 and either 20 g/ml or 10 ng/ml sterols (Sigma Chemical Co., St. Louis, MO). Sterol rescue experiments were performed under anaerobic conditions by placing the plates into an anaerobic jar containing an AnaeroGen sachet (Oxoid Limited, Hampshire, UK). Plates supplemented with brefeldin A contained 50 g/ml of the drug. For DNA cloning and propagation of plasmids, E. coli strain XL1-blue (Stratagene, La Jolla, CA) was used throughout this study.
Plasmid Constructions
To generate the ADE3-containing sectoring plasmid used for the synthetic lethal screen, ELO3 was amplified by PCR using the primer pair ELO3RegF2/ELO3RegR (see Table 2 for sequence of oligonucleotides) and genomic DNA from strain FY1679 as template. The ELO3 fragment was cloned blunt end into the unique SmaI site of pCH1122 to yield pPS2 (Table 3) .
The kanMX4-containing ELO3 tester plasmid, pPS5, was generated by cloning the NotI/SacI fragment harboring the kanMX4 gene from pFA6a (Wach et al., 1994) into the corresponding sites of pIBI96 (García-Arranz et al., 1994) .
The ERG6 gene was cloned, after PCR amplification with the primer pair ERG6RegF/ERG6RegR from genomic DNA, as a SacI/ BamHI fragment into the corresponding sites of pRS426 (Christianson et al., 1992) to generate pRS426-ERG6. The ERG6-containing SacI/BamHI fragment from pRS426-ERG6 was then cloned into the corresponding sites of pRS315 (Sikorski and Hieter, 1989) to generate pME1.
Restriction and ligation of DNA fragments, preparation of plasmid DNA, elution of DNA from low-melt agarose gels and transformation of lithium acetate competent yeast cells was performed according to standard procedures. Enzymes used for DNA manipulations were supplied by MBI Fermentas (St. Leon-Rot, Germany).
Synthetic Lethal Screen
To generate a host strain for the synthetic lethal screen, the ade2 ade3 parental strain CH1462 was first transformed with pPS2 [ADE3 URA3 ELO3] to render it HIS3-dependent auxotrophic for histidine (Kranz and Holm, 1990) . The ELO3 gene of this strain was then replaced by the bacterial his5 gene, amplified with the primer pair ELO3koF/ELO3koR from pFA6a-His3MX6 (Longtine et al., 1998) , to generate strain YRS1116. This strain formed red/white colony sectors on YPD and was used for the synthetic lethal screen using a transposon-based knockout library (m-Tn3; see http://ygac.med. yale.edu/; Burns et al., 1994) . Approximately 40,000 leucine prototrophic transformants were screened for nonsectoring colonies. Plasmid independence of the nonsectoring phenotype was then assessed by transformation with pPS5. The site of transposon insertion was identified using a vectorette PCR protocol that used the oligonucleotides Bubble-1, -2, and -224, as described (http://genomewww.stanford.edu/group/botlab/protocols/vectorette.html). DNA sequencing was performed on an ABI 373A sequencer using the ABI 
Generation of ERG6 Alleles That Are Temperature Sensitive for Function
To generate a strain in which the synthetic lethal interaction between ELO3 and ERG6 could be conditionally imposed, the 3Ј end of ERG6 was amplified by PCR under error prone conditions (2.5 mM dGTP instead of the normal 250 M) using the primer pair ERG6mutF/ERG6mutR. The 569-base pair fragment was then cotransformed with NheI/MscI gapped pME1 into strain YRS1508. One thousand leucine prototrophic colonies were replica plated on 5-FOA media to force loss of pPS2. Uracil auxotrophic colonies were screened for temperature-sensitive growth by replica plating to 37°C. Three plasmids conferring temperature-dependent growth to an elo3⌬ erg6⌬ double mutant were isolated and subject to sequence analysis. pME1 ts#6 was used for all further studies.
Isolation of Detergent-insoluble Membrane Domains
Detergent-insoluble membrane domains were isolated after floatation on Optiprep gradients (Axis-Shield, Huntingdon, UK) exactly as described by Bagnat et al. (2000) . Proteins were precipitated with TCA (10%), dissolved in sample buffer, and subjected to SDS-PAGE and Western blot analyses. Raft association of newly synthesized Pma1p was examined as described by Gong and Chang (2001) .
Lysates of labeled cells (3-4 OD 600 nm equivalents) were extracted with 1% Triton X-100 for 30 min at 4°C. Samples were centrifuged at 100,000 ϫ g for 1 h. Pellets were resuspended in 1% SDS. Detergent concentrations in aliquots of total, supernatant, and pellet samples were adjusted for immunoprecipitation. For lipid analysis, cholesterol was added as internal standard, and lipids were extracted using n-heptane. Silylated sterol adducts were then quantified and analyzed by gas chromatography-mass spectroscopy (GC-MS) analysis as described below. Raft association of inositol containing lipids was examined after growing cells in inositol-free media containing 0.1 Ci [ 3 H]myo-inositol (Perkin Elmer-Cetus Life Sciences, Cambridge, UK) for 16 h.
Western blot analyses using rabbit anti-Erg6p or anti-Pma1p (1: 10,000; G. Daum, Graz University of Technology, Austria) or rabbit anti-Gas1p (1:2000; A. Conzelmann, University of Fribourg, Switzerland) was performed as described before by .
Protein Secretion and Maturation
Secretion of invertase was assayed as follows. Cells were grown in minimal media containing 5% glucose to an OD 600 nm of 0.2. Invertase expression was induced by resuspending the cells in low glucose media (0.05%), and the cultures were preshifted to 37°C for 15 min. Samples were then removed at the indicated time points, and cells were metabolically poisoned by the addition of 10 mM NaN 3 . Invertase activity of equal number of cells was determined as described by Goldstein and Lampen (1975) . Carboxypeptidase Y and Gas1p maturation was analyzed as described by Munn et al. (1999) and quantified using NHI Image 1.61.
Lipid Analysis
Sterols were isolated as described by Quail and Kelly (1996) , using cholesterol as internal standard. GC-MS analysis of silylated sterol adducts was performed on a Hewlett-Packard HP 5890 Series II gas chromatograph (Palo Alto, CA), equipped with a HP 5972 mass selective detector, and HP 5-MS column (cross-linked 5% phenyl methyl siloxane; dimensions: 30 m ϫ 0.25 mm ϫ 0.25 m film thickness). The following temperature program was run: 1 min at 100°C, 10°C/min to 250°C, and 3°C/min to 300°C. Sterols were identified based on their mass fragmentation pattern and by comparison to commercially available standards.
Inositol-containing lipids were labeled by incubating 10 OD of cells with 30 Ci [ 3 H]myo-inositol (Perkin Elmer-Cetus Life Sciences) at either 24 or 37°C for 2 h and analyzed as described by Reggiori et al. (1997) . For analysis of sphingolipid precursors, 10 OD of cells were incubated with 200 Ci [ 3 H]serine (Perkin Elmer-Cetus Life Sciences) at either 24 or 37°C for 4 h, lipids were extracted with chloroform/methanol (1:1; vol/vol), and mild-base-resistant lipids were analyzed by TLC. Mild-base treatment was performed by incubating lipids in 0.1 M NaOH at 30°C for 1 h.
RESULTS
A Synthetic Lethal Screen with elo3⌬ Identifies Mutations in ERG6
To investigate the physiological function of very-long-chain fatty acid (C26)-substituted lipids in yeast, we created genetic conditions under which acyl chain elongation from C22/C24 to C26 becomes essential. Therefore, a red/white colony sectoring-based visual screen was performed to identify mutants that are synthetically lethal with mutations in ELO3. In an initial evaluation of the screening strategy, a transposon-based knockout library was used to mutagenize the genome (Burns et al., 1994) . This approach has the advantage of allowing rapid identification of the mutant loci by a PCR-based protocol (see MATERIALS AND METHODS). Of ϳ40,000 colonies screened, 19 mutations were isolated that could be grouped into 14 complementation groups. One of the mutants isolated in this screen contained a transposon insertion in a gene of the ergosterol biosynthetic pathway, ERG6 (unpublished data). Erg6p catalyzes the methylation at position 24 of zymosterol to form fecosterol (Gaber et al., 1989) . The synthetic lethality of mutations in ELO3 and ERG6 was independently confirmed by crossing of the respective single mutants followed by tetrad analysis (unpublished data).
The Interaction between ELO3 and ERG6 Is Specific
Mutations in ELO3 and ELO2/FEN1 have previously been isolated in screens for mutants that are resistant against the immunosupressor SR31747, an inhibitor of the sterol C-8 isomerase, ERG2 (Silve et al., 1996) . In addition, mutations in ELO2/FEN1 result in resistance against the fungicide fenpropimorph, an inhibitor of the sterol C-14 reductase, encoded by ERG24 (Ladevèze et al., 1993) . These ELO-dependent suppressions of inhibitors of the ergosterol biosynthetic pathway, however, have been reported only for the FL100 genetic background, in which both ERG2 and ERG24 are essential. In most other genetic backgrounds, ERG2 and ERG24 are nonessential (Crowley et al., 1996; Winzeler et al., 1999) .
In light of this apparently complex genetic interaction between mutations in ELO2/3 and the ergosterol biosynthetic pathway, we first determined whether the synthetic lethal interaction that we uncovered between ELO3 and ERG6 is specific. Therefore, an elo3⌬ mutant strain harboring a wild-type ELO3 gene on an URA3 marked plasmid (pPS2, strain YRS1247) was crossed to all viable mutants in genes of the ergosterol biosynthetic pathway, i.e., ERG2, ERG3, ERG4, ERG5, ERG6, and ERG24. Viability of the respective double mutant was then assessed by plasmid loss on media containing 5-FOA. As shown in Figure 2A , this analysis revealed that the mutation in ELO3 is viable with mutations in all the nonessential ERG genes, except for ERG6, indicating that the synthetic lethal interaction between mutations in ELO3 and ERG6 is specific.
To determine whether a mutation in ERG6 is synthetically lethal with other mutations that affect C26 metabolism, we crossed an elo2⌬ mutant strain to erg6⌬, bearing a wild-type ERG6 gene on an URA3-containing plasmid. Unlike elo3⌬ mutants, cells defective in ELO2 are still capable of synthesizing the C26 very-long-chain fatty acid, albeit at reduced efficiency (Oh et al., 1997) . Viability of the resulting elo2⌬ erg6⌬ double mutant was again assessed by plasmid loss on media containing FOA. As shown in Figure 2B , this analysis revealed that the elo2⌬ erg6⌬ double mutant is viable, indicating that the synthetic lethality observed between ELO3 and ERG6 is specific for both partners of the respective biosynthetic pathways. 
The Viability of an elo3⌬ erg6⌬ Double Mutant Is Rescued by Ergosterol but not by Cholesterol
Analysis of sterol auxotrophic mutants has revealed distinct cellular functions of sterols that can be fulfilled by supplementations with different concentrations of sterols. The function of sterols required for membrane integrity, termed the bulk function, requires supplementation with 5 g/ml ergosterol and is also provided by cholesterol. A second function of ergosterol is required for cell cycle progression (Dahl et al., 1987) . This sparking function of ergosterol requires 10 ng/ml ergosterol and is not provided by cholesterol but has a stringent structural requirement for ergosterol (Rodriguez and Parks, 1983) . To determine which of these two essential functions of ergosterol is affected in the elo3⌬ erg6⌬ double mutant, cells were supplemented with different sterols and grown under anaerobic conditions to allow sterol uptake. Viability of the double mutant was again assessed by monitoring loss of a plasmid-borne copy of a wild-type ELO3 or ERG6 gene on media containing 5-FOA. As shown in Figure 3A , the elo3⌬ erg6⌬ double mutant was rescued on media supplemented with bulk concentrations of ergosterol. Cholesterol, a mixture containing bulk concentrations of cholesterol and sparking concentrations of ergosterol, or sparking concentrations of ergosterol alone, failed to rescue the double mutant. This observation indicates that the elo3⌬ erg6⌬ mutant has a stringent requirement for bulk concentrations of ergosterol that is not provided by cholesterol and that is not depending on sparking concentrations of ergosterol.
To further define the structural requirements for this bulk function-dependent rescue of the elo3⌬ erg6⌬ mutant, viability of this strain was assessed on media supplemented with various sterol derivatives. As shown in Figure 3B , growth of the double mutant could also be rescued by supplementation with bulk concentrations of dehydroergosterol (ergosta-5,7,9(11),22-tetraene-3-ol), a sterol with a third double bond in the ring system and a methyl group at position 24 of the aliphatic side chain, as is characteristic for ergosterol. However, dehydrocholestrol (5,7-cholestadien-3-ol), which lacks this methyl group at position 24 but has a double bond configuration of the B ring identical to that of ergosterol, failed to rescue the double mutant, indicating that the presence of the methyl group at position 24, rather than the double-bond configuration of the B ring, is essential for rescue. An ethyl group at position 24, as present in the plant sitosterol, on the other hand, was nonfunctional, because sitosterol did not rescue the double mutant. Taken together, these results indicate that the synthetic lethal interaction between mutations in ELO3 and ERG6 is likely to reflect an increased structural requirement for the methyl group at position 24 of the ergosterol molecule in an elo3⌬ mutant background.
Characterization of a Strain That Is Temperature Sensitive for Erg6p Function
To investigate the increased structural requirement for ergosterol in the elo3⌬ mutant in more detail, we generated a strain that is temperature sensitive for the function of Erg6p. Therefore, the 3Ј end of the ERG6 gene, covering the carboxy-terminal 120 amino acids, was subject to mutagenesis by error prone PCR (see Figure 4A ). After in vivo recombination and plasmid shuffling, three temperature-sensitive ERG6 alleles were isolated (see MATERIALS AND METH-ODS). Sequence analysis of one of these alleles revealed a single base substitution in codon 341 (CTA to CCA), resulting in the incorporation of a proline instead of the wild-type leucine at this position of Erg6p.
Analysis of the growth characteristics of this elo3⌬ erg6 ts conditional strain revealed that the strain grows like the corresponding wild-type at 24°C but that it rapidly ceases growth upon incubation at nonpermissive conditions (Figure 4B) . Plating of cells that have been shifted for up to 8 h to nonpermissive conditions revealed that the capacity of the mutant to restore growth and form colonies when shifted back to permissive conditions (24°C) was not impaired, in- dicating that the metabolic block imposed by the temperature shift was fully reversible. In agreement with these observations, Western blot analysis with an anti-Erg6p antibody revealed that the mutant protein is stable and not subject to temperature-dependent turnover (unpublished data). The conditional growth phenotype of the elo3⌬ erg6 ts mutant could be fully rescued on rich media by ergosterol supplementation, confirming the ergosterol auxotrophic phenotype of the double mutant that was so far based on plasmid loss on 5-FOA containing synthetic media ( Figure  4C) . Analysis of the in vivo activity of the temperaturesensitive enzyme by labeling cells with [
3 H]methionine revealed an ϳ800-fold reduced activity of the enzyme at permissive conditions. This activity declined to undetectable levels upon incubation of cells at nonpermissive conditions (unpublished data). Consistent with this low activity of the conditional Erg6p allele, erg6⌬ mutant cells bearing this allele are sensitive to brefeldin A, as is an erg6⌬ null allele (Shah and Klausner, 1993;  Figure 4D ).
Characterization of the Secretory Pathway in the elo3⌬ erg6
ts Conditional Mutant
To determine whether protein maturation and secretion were conditionally affected in the elo3⌬ erg6 ts mutant strain, the kinetics of invertase induction and secretion was analyzed (Novick and Schekman, 1979) . Induction and secretion of invertase in the elo3⌬ erg6 ts conditional mutant was comparable to that observed in the elo3⌬ ERG6 strain, indicating that vesicular transport from the ER to the plasma membrane is not affected by the inactivation of Erg6p in the elo3⌬ mutant background ( Figure 5A ).
To examine whether vesicular transport between the Golgi apparatus and the vacuole was affected, transport of the soluble vacuolar hydrolase carboxypeptidase Y (CPY) was examined by pulse-chase analysis. CPY leaves the ER as a 67-kDa preprotein to mature in the Golgi apparatus to a 69-kDa form, which is cleaved to the active 61-kDa protease in the vacuole. After a preshift to 37°C for 15 min, the elo3⌬ erg6 ts mutant exhibited wild-type kinetics of CPY maturation, indicating that vesicular transport between ER and the vacuole was not impaired by inactivation of Erg6p in an elo3⌬ mutant background ( Figure 5B) .
To complete the analysis of the secretory pathway, we examined whether maturation of the GPI-anchored membrane protein Gas1p was affected. Gas1p exits the ER as a 105-kDa precursor and matures in the Golgi apparatus to a 125-kDa form (Fankhauser and Conzelmann, 1991) . The accumulation of the ER form of Gas1p is a sensitive assay to detect perturbations in ER-to-Golgi transport. Western blot analysis revealed wild-type maturation of Gas1p in erg6⌬ but a strong accumulation of the ER precursor of Gas1p in the elo3⌬ erg6 ts mutant strain, irrespective of whether the mutant was incubated at permissive or nonpermissive conditions (unpublished data). Accumulation of the ER form of Gas1p was also observed in the elo3⌬ mutant alone and in the elo3⌬ erg6⌬ double mutant bearing a wild-type copy of ERG6 on a plasmid. To determine whether there is a superimposed delay in Gas1p maturation by the inactivation of Erg6p in an ELO3 mutant background, we followed maturation of Gas1p by pulse-chase analysis and immunoprecipitation. This analysis failed to reveal a significant delay in Gas1p maturation by the reduction of Erg6p activity in the elo3⌬ mutant background ( Figure 5C ). Taken together, these results indicate that the efficiency of the secretory pathway is not generally perturbed in the elo3⌬ erg6 ts conditional strain. end of ERG6 was subject to mutagenesis using error prone PCR (black bar). The mutant used for further analysis has a leucine to proline substitution at position 341 of Erg6p. (B) Growth of the elo3⌬ erg6 ts strain stops at 37°C. The elo3⌬ erg6⌬ double mutant containing either a plasmid-borne copy of a wild-type allele of ERG6 (YRS1520) or containing the erg6 ts allele (YRS1519), was assessed upon a temperature shift to 37°C by following the optical density in minimal media lacking leucine. (C) Growth of the elo3⌬ erg6 ts strain at 37°C is rescued by supplementation with ergosterol. Cells of indicated genotype were serially diluted 10-fold and replica-plated on solid media with ergosterol (ϩergosterol) and without (YPD) and incubated at 37°C for 4 d. (D) erg6 ts is sensitive to brefeldin A. Strains of the indicated genotype were serially diluted 10-fold and replicaplated on media with brefeldin A (ϩbrefeldin A) and without (YPD) and incubated at 24°C for 4 d.
The elo3⌬ erg6 ts Mutant Has a Sphingolipid Composition Characteristic of elo3⌬
To determine whether inactivation of Erg6p affects sphingolipid synthesis in the double mutant, cells were preshifted to nonpermissive conditions and incorporation of [ ts mutant. (A) Secretion of invertase was analyzed in the elo3⌬ erg6⌬ double mutant strain bearing a plasmid-borne copy of either ERG6 (elo3⌬ ERG6, YRS1520) or erg6 ts (elo3⌬ erg6 ts , YRS1519). Cells were preshifted to 37°C for 15 min before invertase induction by glucose limitation. Samples were removed at the time points indicated and the activity of internal and secreted invertase was determined. (B) Maturation of CPY was analyzed in the elo3⌬ erg6⌬ double mutant strain bearing a plasmid-borne copy of either ERG6 (elo3⌬ ERG6, YRS1520) or erg6 ts (elo3⌬ erg6 ts , YRS1519). Cells were preshifted to 37°C for 15 min before labeling with [ 35 S]methionine for 5 min and chasing for the time indicated. CPY was recovered by immunoprecipitation, subjected to SDS-PAGE, and visualized by autoradiography. The position of precursor (p1, ER; p2, Golgi) and mature CPY (m, vacuolar) is indicated. (C) Maturation of Gas1p was analyzed in wild-type (FY1679a), elo3⌬ (YRS1118), and the elo3⌬ erg6⌬ double mutant strain bearing a plasmid-borne copy of either ERG6 (elo3⌬ ERG6, YRS1520) or erg6 ts (elo3⌬ erg6 ts , YRS1519). Cells were incubated at 24°C or preshifted to 37°C for 15 min before pulse-chase analysis and immunoprecipitation. The positions of ER precursor (p, 105 kDa) and mature Gas1p (m, 125 kDa) are indicated. Quantification of the degree of Gas1p maturation is shown below.
Figure 6. elo3⌬ erg6
ts has a sphingolipid composition characteristic for elo3⌬. (A) Sphingolipid synthesis in wild-type (FY1679a), erg6⌬ (YRS1266), elo2⌬ (YRS1265), elo3⌬ (YRS1118), and the elo3⌬ erg6⌬ double mutant strain bearing a plasmid-borne copy of either ERG6 (elo3⌬ ERG6, YRS1520) or erg6 ts (elo3⌬ erg6 ts , YRS1519) was assessed by labeling cells at either 24 or 37°C with [ 3 H]inositol for 2 h. Lipids were extracted, and label incorporated into the mildbase-resistant sphingolipid fraction was determined in comparison to label incorporated into the total lipid fraction. (B) Sphingolipid composition in strains of indicated genotype was analyzed by TLC and fluorography. Cells were labeled at either 24 or 37°C with TLC analysis of the sphingolipid classes synthesized under these conditions revealed a predominance of IPC-C (inositolphosphorylceramide-C) species at the expense of the more complex mannosylated sphingolipids in all strains with mutations in ELO3, irrespective of Erg6p activity (Figure 6B ). These alterations in sphingolipid levels and composition in the elo3⌬ mutant are in agreement with previous analyses (Oh et al., 1997; David et al., 1998) . The IPC-C species produced in an elo3⌬ mutant background has a somewhat lower mobility compared with the IPC-C species of wild-type cells, consistent with the idea that this sphingolipid is less hydrophobic because of the presence of a shorter acyl chain. Taken together, the results of the sphingolipid analysis indicate that sphingolipid synthesis/composition of the elo3⌬ mutant is not affected by the activity of Erg6p.
The sphingolipid precursors, ceramide and phytosphingosine (PHS), regulate cell growth by activation of different signaling pathways (Hannun and Luberto, 2000) . To determine whether accumulation of these signaling lipids results in growth arrest of the elo3⌬ erg6 ts conditional mutant, ceramide and PHS levels were examined by labeling cells with [ 3 H]serine ( Figure 6C ). This analysis revealed a strong accumulation of PHS in the elo2⌬ mutant strain and lower levels of PHS in all strains with mutations in ELO3, irrespective of Erg6p activity. These results thus indicate that the activity of Erg6p does not affect sphingolipid signaling in an elo3⌬ mutant background.
The elo3⌬ erg6 ts Mutant Affects Raft Association of the Plasma Membrane ATPase
Given that sphingolipid synthesis is continuing in the conditional mutant under nonpermissive conditions, we wondered whether membrane raft formation might be impaired. Therefore, raft association of two marker proteins, the GPIanchored Gas1p, and the plasma membrane ATPase, Pma1p, was investigated (Bagnat et al., 2000) . After two successive rounds of extraction with the nonionic detergent Triton X-100 and floatation in density gradients, both marker proteins were recovered in the detergent-insoluble fraction of the gradient when membranes of cells that were cultivated at permissive conditions were analyzed. On incubation of the conditional elo3⌬ erg6 ts mutant at nonpermissive conditions for 2 h, however, raft association of Pma1p but not that of Gas1p was specifically impaired (Figure 7) . It is important to note that unambiguous determination of raft association of Pma1p in the mutant required analysis by two successive gradients as the portion of Pma1p from the detergent-resistant fraction of the first gradient was recovered in the detergent-soluble fraction of the second gradient. Raft association of Pma1p was not impaired in the elo3⌬ erg6⌬ double mutant harboring a plasmid-borne wild-type copy of ERG6, indicating that steady state raft association of Pma1p is dependent on Erg6p activity in an elo3⌬ mutant background.
To examine whether raft association of Pma1p is detergent induced, an equal number of cells of the two genotypes that had been incubated at nonpermissive conditions for 2 h was mixed, and raft association of Gas1p and Pma1p was reexamined. This analysis revealed that Gas1p maintained its raft association, but Pma1p was now observed in both the detergent-resistant and the -soluble fractions of the gradient.
elo3⌬ Conditionally Affects Stability of the ATPase at the Plasma Membrane
Pma1p has recently been shown to move into raft domains during biosynthetic transport to the plasma membrane (Bagnat et al., 2001; Gong and Chang, 2001; Ferreira et al., 2002; Lee et al., 2002) . Raft association of Pma1p is required for proper delivery to the plasma membrane because inhibition of raft association results in rerouting of the protein to the vacuole where it becomes degraded (Bagnat et al., 2001) . To examine whether raft association required for biosynthetic transport of Pma1p to the plasma membrane is affected by inactivation of Erg6p in an elo3⌬ mutant background, cells ts affects steady state raft association of the plasma membrane ATPase. Raft association of Gas1p and the plasma membrane ATPase, Pma1p, in the elo3⌬ erg6⌬ double mutant strain bearing a plasmid-borne copy of either ERG6 (elo3⌬ ERG6, YRS1520) or erg6 ts (elo3⌬ erg6 ts , YRS1519). Cells were cultivated at 24°C or shifted to nonpermissive conditions (37°C) for 2 h, before isolation of detergent-resistant membranes by either one (1st Gradient) or two rounds (2nd Gradient) of detergent extraction and floatation on density gradients (Bagnat et al., 2000) . The position of mature Gas1p and that of Pma1p is indicated. For the mixing experiment, cells of the two genotypes were mixed at a 1:1 ratio after incubation at nonpermissive conditions for 2 h, and detergent solubility of Gas1p and Pma1p was assessed after two successive rounds of detergent extraction and floatation on density gradients. All blots were processed under comparable conditions. were pulse-labeled and maturation of Pma1p was followed by immunoprecipitation. This analysis revealed rapid turnover of Pma1p in the elo3⌬ mutant when cells were incubated at 37°C ( Figure 8A ). Under these conditions, 80% of newly synthesized Pma1p was rapidly degraded, irrespective of the activity of Erg6p. These results thus indicate that mutations in ELO3 affect raft association of newly synthesized Pma1p at 37°C.
The increased turnover of newly synthesized Pma1p in the elo3⌬ mutant occurs by vacuolar degradation because Pma1p is stabilized by a mutation in the vacuolar hydrolase Pep4p (Jones, 1991) . Moreover, transport of Pma1p to the vacuole appears to occur after it has reached the plasma membrane, because it is stabilized by blocking internalization from the cell surface in end4⌬ cells (Raths et al., 1993 ; Figure 8B ). Thus, Elo3p is required for stabilizing newly synthesized Pma1p at the plasma membrane at 37°C.
To examine at which point along the secretory pathway raft association of Pma1p is affected in elo3⌬, the detergent solubility of Pma1p was assessed by pulse labeling. To stabilize newly synthesized Pma1p, this analysis was performed in an elo3⌬ pep4⌬ double mutant strain. As shown in Figure 9 , Pma1p becomes detergent insoluble already after 5 min in cells cultivated at 24°C. At 37°C, however, Pma1p does not acquire detergent resistance in elo3⌬, indicating that elo3⌬ affects raft association of Pma1p early in its biosynthetic transport and that raft association of Pma1p is important for maintaining its stability at the plasma membrane.
ERG6 Is Required for Maintaining Raft Domains in elo3⌬
Given the observation that the conditional elo3⌬ erg6 ts mutant affects steady state raft association of Pma1p but not Gas1p, we examined whether lipid rafts by themselves were affected. Therefore, the sterol content of the detergent-resistant membrane fraction of mutant cells grown at permissive conditions or incubated at nonpermissive conditions for 2 h was determined by quantitative GC-MS. This analysis revealed that 30% of free sterols were raft associated in an elo3⌬ ERG6 control strain at either 24 or 37°C. In the elo3⌬ erg6 ts conditional mutant, however, the content of raft-associated sterols was reduced threefold at permissive conditions and further declined more than sixfold upon incubation at nonpermissive conditions ( Figure 10A ). These results thus indicate that preexisting raft structures are affected upon inactivation of Erg6p in an elo3⌬ mutant strain.
To determine whether the decrease in raft lipids observed in the conditional mutant is specific for sterols, we examined the sphingolipid content of raft membranes in the two strains. Therefore, cells were labeled with [ 3 H]myo-inositol for 16 h and raft association of mild-base-resistant lipids was determined. This analysis revealed an approximately twofold elevated level of sphingolipids in the detergentresistant membrane fraction of the conditional mutant (Figure 10B) . Unlike the sterol content, however, the sphingolipid content of raft membranes did not decline upon incubation of these cells at nonpermissive conditions. These results thus indicate that the aberrant sterols in raft membranes of the conditional mutant do not resist detergent extraction.
A quantitative analysis of total cellular sterols revealed significantly higher sterol levels in the elo3⌬ and erg6⌬ single (A) The half-life of newly synthesized Pma1p in wild-type (FY1679a), elo3⌬ (YRS1118), and erg6⌬ (YRS1266), and the elo3⌬ erg6⌬ double mutant strain bearing a plasmid-borne copy of either ERG6 (elo3⌬ ERG6, YRS1520) or erg6 ts (elo3⌬ erg6 ts , YRS1519) was assessed by pulse-chase analysis and immunoprecipitation. Cells were cultivated at 24°C or preshifted to 37°C for 15 min before labeling under the conditions indicated. (B) Pma1p degradation in the elo3⌬ mutant requires PEP4 and END4. Turnover of newly synthesized Pma1p in elo3⌬ pep4⌬ (YRS1550) and elo3⌬ end4⌬ (YRS1554) double mutant strains was assessed as in A. Figure 9 . Newly synthesized Pma1p does not acquire detergent resistance in elo3⌬ at 37°C. elo3⌬ pep4⌬ (YRS1550) cells were incubated at the indicated temperatures for 15 min, pulse-labeled for 5 min, and chased for 15 and 60 min. Cell lysates (T) were then extracted with Triton X-100 and separated into a soluble (S) and insoluble (P) fractions. Pma1p was immunoprecipitated and analyzed by SDS-PAGE and fluorography.
mutants. Combining the two mutations results in a further increase in total sterol levels, resulting in four times elevated total saponifiable sterol levels (Table 4) . A compositional analysis of the total saponifiable sterols in the conditional mutant revealed a sterol pattern characteristic of an erg6⌬ single mutant with zymosterol (45.4%) and cholesta-5,7,24-trienol (33.7%) as the major sterols, which is in agreement with a previous analysis of the sterol composition of an erg6⌬ mutant (Munn et al., 1999;  Table 5 ). The low ergosterol content observed in the conditional mutant indicates that the temperature-sensitive allele of ERG6 has a greatly reduced activity already at the permissive temperature and that the plasmid-borne wild-type copy of ERG6 also does not fully complement the erg6⌬ deletion.
Given the fact that the conditional mutant strain has a fourfold increased level of total sterols but a threefold reduced level of sterols in detergent-resistant membranes, we examined whether detergent-insoluble membrane domains exhibit preference for certain sterol species. Therefore, the composition of free (nonesterified) sterols in the detergentinsoluble membrane fraction from an elo3⌬ erg6 ts conditional strain cultivated at permissive conditions was examined by GC-MS. This analysis revealed a sevenfold enrichment of ergosterol in the detergent-resistant membrane fraction (Figure 10C ). Zymosterol and cholesta-5,7,22,24-tetraenol, on the other hand, are deenriched in the raft fraction. Given that ergosterol accounts for only ϳ1.3% of the total saponifiable sterols in an elo3⌬ erg6 ts conditional mutant (Table 5 ) in which 10% of the sterols are raft associated, a sevenfold enrichment of ergosterol in these raft structures, suggests that ergosterol synthesis and hence Erg6p activity becomes limiting for the maintenance of raft domains in this strain.
To determine whether the observed preference of membrane rafts for ergosterol is specific for elo3⌬ mutant cells or a more general property of yeast membranes, the sterol composition of membrane rafts of cells making normal C26-substituted sphingolipids was analyzed. Therefore, the sterol composition of total and detergent-resistant membranes from an erg6⌬ mutant that harbors a plasmid-borne wildtype allele of ERG6 was analyzed by quantitative GC-MS. This analysis revealed that both ergosterol and cholesta-5,7,24-trienol were slightly enriched in raft membranes, whereas zymosterol and other low abundant sterols such as fecosterol and 14-desmethyl-lanosterol were deenriched to undetectable levels ( Figure 11 ). These data are consistent with the proposal that ergosterol is preferentially included in raft membranes in cells that have normal C26-substituted sphingolipids. However, given that erg6⌬ mutants are viable in an ELO3 wild-type background, this preference is much less stringent.
DISCUSSION
We report a specific genetic interaction between mutations in genes required for fungal specific lipid modifications: one in the synthesis of long-chain fatty acids and the other in the synthesis of sterols. The synthetic lethality between mutations in ELO3 and ERG6 is likely due to a vital interaction of the respective lipid products, because the viability of the double mutant is rescued by supplementation with ergosterol. The fact that the double mutant is only rescued by sterols that have a methyl group at position 24 of the side ts conditional mutant affects membrane raft domains. (A) Comparison of free sterol levels in detergent-resistant membrane domains from the elo3⌬ erg6⌬ double mutant strain bearing a plasmid-borne copy of either ERG6 (elo3⌬ ERG6, YRS1520) or erg6 ts (elo3⌬ erg6 ts , YRS1519), cultivated at permissive conditions (24°C) or shifted to nonpermissive conditions (37°C) for 2 h. Total membranes and detergentresistant membrane domains were isolated by two successive rounds of detergent extraction and floatation in density gradients. Sterols present in total and detergent-resistant membranes were quantified by comparison to an internal standard by GC-MS analysis, and the proportion of sterols present in the detergent-resistant membrane fraction relative to the amount of sterols in total membranes is shown. (B) Comparison of sphingolipid levels in the detergent-resistant membrane fraction from the elo3⌬ erg6⌬ double mutant strain bearing a plasmid-borne copy of either ERG6 (elo3⌬ ERG6, YRS1520) or erg6 ts (elo3⌬ erg6 ts , YRS1519), cultivated at permissive conditions (24°C) or shifted to nonpermissive conditions (37°C) for 2 h. Cells were labeled with [ 3 H]myo-inositol for 16 h. Total and detergent treated membranes were isolated by floatation in density gradients. Sphingolipids were quantified after mild-base treatment of lipid extracts. The proportion of mild-base-resistant lipids present in the detergent-resistant membrane fraction relative to that of total membranes is shown. (C) Comparison of the free sterol composition of total membranes (total) and the detergent-insoluble membrane fraction (rafts) of the elo3⌬ erg6 ts (YRS1519) conditional mutant at permissive conditions. Total and detergent-resistant membrane domains were isolated by two successive rounds of flotation in density gradients. The sterol composition of the two membranes was analyzed by GC-MS and the proportion of different sterols present in the two membranes is shown. chain indicates that the elo3⌬ mutant has a stringent structural requirement for this otherwise nonessential sterol modification.
Cross-talk between Lipid Biosynthetic Pathways
Comparison of the lipid composition of erg6⌬, elo3⌬, and double mutant strains revealed apparently compensatory changes in sterol and sphingolipid synthesis, indicating that the two lipid biosynthetic pathways must be under coordinate control (Swain et al., 2002) . First, the erg6⌬ mutant displayed an increased rate of incorporation of radiolabeled inositol into mild-base-resistant lipids and a ϳ2.1-fold increase in total sterol levels, suggesting that the absence of ergosterol in this strain is compensated by an increase in both sterol and sphingolipid levels ( Figure 6A , Table 4 ). Second, mutations in ELO3 result in a reduced rate of sphingolipid synthesis and in the absence of the more complex mannosylated sphingolipid species. These changes in the sphingolipid pattern of an elo3⌬ mutant appear to be compensated by a ϳ1.5-fold increase in sterol levels. The sterol composition of the elo3⌬ mutant, however, is comparable to that of wild-type cells, indicating that the altered sphingolipid composition affects sterol levels only but not the activity of individual sterol biosynthetic enzymes. Third, the combination of mutations in both ELO3 and ERG6 does not further affect sphingolipid synthesis, but results in an additional increase in total sterol levels, and a sterol composition characteristic of an erg6⌬ mutant.
Raft Formation in the elo3⌬ erg6⌬ Double Mutant
A common structural function of sphingolipids and sterols is their association into membrane microdomains/rafts. Formation of these raft domains is important for lateral sorting of proteins and for signal transduction (Brown and Rose, 1992; Simons and Ikonen, 1997) . Previous studies have established that depletion of either sterols or sphingolipids in yeast affects raft association of Gas1p and Pma1p (Bagnat et al., 2000 (Bagnat et al., , 2001 Lee et al., 2002) . In our strains, sterols and sphingolipids are not depleted, but their structure and composition is altered. This affects raft association of the two marker proteins differently. Although the GPI-anchored Gas1p remains raft associated in the elo3⌬ erg6 ts conditional strain, Pma1p becomes detergent soluble. Analysis of the composition of the detergent-resistant lipids in this strain revealed that the sterol content is greatly reduced, whereas the sphingolipid content of raft membranes is increased, suggesting that sphingolipids compensate for the absence of appropriate sterols to maintain raft function in this strain, at least at 24°C. Under more stringent conditions (37°C), the stability of preexisting raft domains becomes impaired to a point where they can no longer resist detergent solubilization, resulting in the release of Pma1p but not Gas1p. The observation that Gas1p maintains detergent resistance may indicate that under these conditions this GPI-anchored protein partitions into a domain that has a different lipid composition than the typical raft, i.e., a sphingolipid-rich but ergosterol-poor domain.
Analysis of the sterol composition of the raft membranes in the conditional strain revealed a strong enrichment in ergosterol. This observation and the fact that the elo3⌬ erg6⌬ double mutant can only be rescued by sterols that have a methyl group in the aliphatic side chain suggests that C24-substituted sphingolipids have an increased structural requirement for this methyl group. This notion is supported by a recent biophysical study, which demonstrates that ergosterol is significantly more strongly domain-promoting than cholesterol (Xu et al., 2001) . Moreover, in erg6⌬ mutants the GPI-anchored plasma membrane protease, Yps1p, is mistargeted to the vacuole, indicating that the precise structure of the sterol is important for raft function in vivo (Sievi et al., 2001) .
Raft Formation in the elo3⌬ Mutant
Stable delivery of Pma1p to the plasma membrane requires functional rafts (Bagnat et al., 2001; Gong and Chang, 2001 ; 14-desmethyl-lanosterol, 4-methyl-zymosterol, cholesta-5,8,24-trienol, episterol, cholesta-7,24-dienol, and ergosta-5,7-dienol. Interaction between Ergosterol and Sphingolipids Vol. 13, December 2002 Lee et al., 2002) . The observation that ϳ80% of newly synthesized Pma1p are rapidly turned over in the elo3⌬ mutant at 37°C through internalization from the cell surface and delivery to the vacuole, indicates that nonraft-associated Pma1p is unstable when it reaches the plasma membrane. A similar phenotype, raft-dependent stabilization of surface delivered Pma1p has been observed with a mutant allele of Pma1p, Pma1-10 (Gong and Chang, 2001) . In this case, raft association of Pma1-10 was suggested to be required but not sufficient for its subsequent stabilization at the cell surface. This is consistent with observations made with a second allele of Pma1, Pma1-G381A, which remains raft associated but nevertheless fails to become stabilized at the cell surface (Ferreira et al., 2002) . Pma1p that has entered rafts and that has been delivered to the plasma membrane in elo3⌬ at 24°C, however, remains stable even if raft function is subsequently impaired by shifting cells to 37°C, as indicated by the observation that steady state raft association of Pma1p is not affected in the elo3⌬ ERG6 mutant at 37°C. These observations may indicate that elo3⌬ at 37°C affects raft assembly but that preexisting structures remain stable unless ergosterol is depleted.
elo3⌬ mutants display a number of lipid alterations that potentially could affect raft formation, particularly when combined with mutations in the sterol biosynthetic pathway. First, elo3⌬ mutant cells have reduced levels of sphingolipids. A complete block in sphingolipid synthesis as achieved using a conditional allele of serine palmitoyltransferase (lcb1-100; Sü tterlin et al., 1997), which catalyzes the rate-limiting step of sphingolipid synthesis, has been shown to affect raft association of both Gas1p and Pma1p (Bagnat et al., 2000; Lee et al., 2002) . The observation that the elo2⌬ mutant has a similar reduction in sphingolipid synthesis but is not synthetically lethal with erg6⌬ indicates that reduced levels of sphingolipids cannot fully account for the defect observed in elo3⌬. Second, elo3⌬ mutant cells contain IPC-C as their main sphingolipid species at the expense of the more complex mannosylated lipids. Whether a defect in head group maturation of sphingolipids could affect raft formation needs to be established. Third, the IPC-C species in the elo3⌬ mutant contains a C22/C24 very-long-chain fatty acid instead of the natural C26 fatty acid. Biophysical studies indicate that the interaction of cholesterol with sphingomyelin is not affected by differences in acyl chain length (OhvoRekila et al., 2002) . Phase separation of lipids in model membranes, however, is favored by the mismatch of the hydrophobic interaction surface of the interacting lipids (Silvius et al., 1996) . A simplified static model of the interaction of ergosterol with C26-substituted lipids, assuming interdigitation of the C26 acyl chain into the hydrophobic core of the opposing membrane leaflet (Slater and Huang, 1988 ; but see also McIntosh et al., 1992) , is illustrated in Figure 12 . According to this model, shortening of the C26 acyl chain to C22 with the simultaneous removal of the C24 methyl group on ergosterol could result in significant alterations in the hydrophobic core of the membrane that could affect the domain-forming properties of the respective membrane.
Taken together, the observation of a genetic interaction between mutations in genes required for fungal specific lipid modifications of sphingolipids and sterols provides a new means to study the function, biogenesis, and regulation of raft structures in vivo, using genetic approaches unique to yeast.
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